In this study, the genetic diversity of 90 avocado (Persea americana Mill) cultivars from Antioquia (Colombia) was compared to 67 germplasm collection accessions using 14 microsatellites. An average of 4.32 ± 2.0 alleles per locus was found, as observed in previous studies. The expected and observed heterozygosity ranges were 0.384-0.724 and 0.393-0.686, respectively. The Antioquian avocados were genetically structured according to an analysis of molecular variance test (fixation index (F ST ) = 0.054, P < 0.00001). An unweighted pair group method with arithmetic mean (UPGMA) dendrogram with F ST paired data produced 2 clusters: one composed by Antioquian avocados and the other by the germplasm collection. Another UPGMA dendrogram with individual Nei-Li distances and additional STRUCTURE analysis separated the Antioquian avocados into 3 clusters (K = 3). Combining samples from the Colombian and germplasm collections produced K = 2. Genetic differentiations between the Antioquian and worldwide avocado germplasm collection could be due to crosses within the Antioquian avocados having been enhanced by insect pollinators, whereas avocados stored in the germplasm collection were constituted by cultivars with known genetic origins. Findings from this study demonstrated that criollo avocado genetics are unique in Antioquia, since the species has been naturally crossed in the field and its closest accession is from Guatemala. Nevertheless, it is important to continue genotyping this species in other locations in Colombia from Sylvester and cultivar populations of this crop to determine its origin.
Introduction
Avocado (Persea americana Mill.) is an important subtropical evergreen tree, native to Central America and Mexico, with 2n = 24 chromosomes (Ashworth and Clegg, 2003) . This species is a member of the family Lauraceae, a mostly subtropical or tropical group included within the magnoliid clade of early-divergent angiosperms. Its family comprises approximately 50 genera and 2500 to 3000 species of trees and shrubs (Chanderbali et al., 2008) . The first movements of avocado from its center of origin (central Mexico) occurred through the migration of big mammals (sloths and mammals of the family Gomphotheriidae) to Mesoamerica (Galindo-Tovar and Arzate-Fernández, 2010) . Later on, P. americana was cultivated and domesticated by the first Mesoamerican cultures, the Mokaya, who might have transmitted their cultural practices to further civilizations, such as the Mayans and Olmecs (Chen et al., 2008) . Its consumption, and possibly selection, took place from 4000 to 2800 BC and, by the time the Spaniards conquered Central and South America, this fruit had been cultivated from Mexico to Peru (Storey et al., 1986; Bost et al., 2013) . Three horticultural races or botanical varieties of avocado have adapted to different climatic conditions and have traditionally been recognized as Mexican [P. americana var. drymifolia (Schltdl. & Cham)], Guatemalan (P. americana var. guatemalensis L.O.Williams), and West Indian (P. americana var. americana Mill.), which originated from highland Mexico, highland Guatemala, and lowland Mexico (Tierras bajas), respectively (Corona-Jacome et al., 2016) . These botanical varieties are distinguishable on the basis of their morphological, physiological, and horticultural traits (Bergh and Lahav, 1996) . Most commercial avocado cultivars are interracial hybrids developed from chance seedlings (Cañas-Guitierrez et al., 2015) .
The evaluation of their morphological characters is inaccurate due to the influence of environmental factors, subjectivity, and a limited number of discriminating traits (Alcaraz and Hormaza, 2007) . Consequently, avocado characterization and diversity studies have been strengthened by analyses of genetic markers including isozymes (Torres and Bergh, 1978) , minisatellites , random amplified polymorphic DNA (RAPD) (Fiedler et al., 1998) , restriction fragment length polymorphism (RFLP) (Davis et al., 1998) , single sequence repeats (SSRs) (Ashworth and Clegg, 2003; Schnell et al., 2003; Alcaraz and Hormaza, 2007; Kwame et al., 2008; Gross-German and Viruel, 2013) , amplified fragment length polymorphism (AFLP) (Douhan et al., 2011; Cañas-Gutierrez et al., 2015) , and single nucleotide polymorphism (SNP) (Chen et al., 2008) .
Microsatellites, also known as SSRs, are stretches of DNA that consist of tandem repeats of 1-6 bp. These molecular markers are located throughout nuclear, mitochondrial, and chloroplast genomes and represent suitable markers for studying population structure due to their codominance and high polymorphism (Freeland, 2005) . Several microsatellite loci have been developed in avocado Ashworth et al., 2004; Borrone et al., 2007; Gross-German and Viruel, 2013) . These markers have been used for linkage map construction Borrone et al., 2007) , molecular germplasm characterization (Alcaraz and Hormaza, 2007) , and diversity analysis (Schnell et al., 2003) .
World avocado production reached almost 5 million tons in 2013, with 60% of this production coming from relatively few countries such as Mexico, the Dominican Republic, Colombia, Peru, and Indonesia, with Mexico being the principal worldwide producer with 30% of the total world production in 2013. In Colombia, particularly in the department of Antioquia, which has optimal climate and soil conditions for avocado growing, avocado production has increased in the last few years due to the potential interest of this crop for the export market (Cañas-Gutierrez et al., 2015) .
In this work, a molecular characterization of Antioquian (Northwest Colombia) local avocado trees, named criollos (N = 90), collected in the field in different agroecological regions, was performed with 14 microsatellites developed by Sharon et al. (1997) and Ashworth et al. (2004) and tested by Alcaraz and Hormaza (2007) to determine their level of genetic diversity and compare these cultivars to other common avocado cultivars (N = 67) preserved in germplasm collections.
Materials and methods

Plant material and genomic DNA extraction
A sample collection was performed in the Department of Antioquia (in the north of Colombia) during 2008 and 2009. Young leaves were collected from a total of 90 criollo avocado trees located in 3 agroecological zones that were chosen according to Holdridge life-zones to present differences in climatic conditions. The sampling sites were also selected because avocado growers obtain seeds from these locations for rootstocks and grafting of different commercial varieties, particularly to produce the variety Hass. The locations included 2 populations from the western subregion Páramo (plateau), Sonsón and Abejorral; 5 populations from the western subregion, El Retiro, Marinilla, Rio Negro, La Ceja, and San Vicente; and 4 populations from the southwestern subregion, Caramanta, Santa Bárbara, Valparaiso, and Montebello (Table 1) . Additionally, a total of 67 P. americana microsatellite genotyping data were obtained from accessions, including rootstocks, commercial varieties, and Spanish selections, maintained at the La Mayora Institute of Subtropical and Mediterranean Horticulture (IHSM, UMA-CSIC, Algarrobo-Costa, Málaga, Spain) (Alcaraz and Hormaza, 2007) (Table 2) .
The total genomic DNA was obtained from avocado leaves based on the extraction method standardized by Cañas-Gutierrez et al. (2015) .
Microsatellite analysis
Based on their high polymorphism, 14 SSRs were selected from those used by Alcaraz and Hormaza (2007) (Table  3) . PCR amplifications were performed in a volume of 15 µL containing 16 mM (NH 4 ) 2 SO 4 , 67 mM Tris-HCl (pH 8.8), 0.01% Tween 20, 2 mM MgCl 2 , 0.1 mM of each dNTP, 0.4 µM of each primer, 25 ng of genomic DNA, and 0.5 units of BioTaq DNA polymerase (Bioline, London, UK). Forward primers were labeled with WellRed fluorescent dyes at the 5' end (Proligo, France). Reactions were carried out in an I-Cycler thermocycler (Bio-Rad Laboratories, Hercules, CA, USA) using the following temperature profile: an initial step of 1 min at 94 °C; 35 cycles of 30 s at 94 °C, 30 s at 50 °C, and 1 min at 72 °C; and a final step of 5 min at 72 °C. The PCR products were analyzed using capillary electrophoresis in a CEQ 8000 capillary DNA analysis system (Beckman Coulter, Fullerton, CA, USA). Each reaction was repeated twice to minimize the run-torun variation.
Data analysis
The allele size determination and mean number of alleles per SSR locus (N) were obtained from each sampled avocado population. The number of different alleles (Na), number of effective alleles (Ne = 1 / (sum pi 2 )), information index (I = Shannon's information index = -1 × sum (pi × Ln (pi)), Ho = observed heterozygosity = no. of hets. / N, He = expected heterozygosity = 1 -sum pi 2 , and fixation index ((F = He -Ho) / He = 1 -(Ho / He)) for all avocado populations from Antioquia and the accessions maintained in the germplasm collection in Spain were calculated with GENALEX 6.501 software (Peakall and Smouse 2012 ).
An analysis of molecular variance (AMOVA) test was used to determine whether criollo populations from Antioquia were genetically different by employing GENALEX 6.501 (Peakall and Smouse, 2012) . Genepop 4.2 (Raymond and Rousset, 1995) was used to explore the Hardy-Weinberg equilibrium and linkage disequilibrium per population. GENALEX 6.501 was also used to calculate F ST paired distances between the Antioquian localities and the avocado accessions maintained in the germplasm collection. These distances were used to obtain a dendrogram with the unweighted pair group method with arithmetic mean (UPGMA) algorithm (Sneath and Sokal, 1973) . The dendrogram was obtained with the Mega 4.0 program (Kumar et al., 2008) . To complement this last analysis, another UPGMA dendrogram was calculated per individual sample for the Antioquian avocado samples using Nei-Li genetic distances with the multivariate statistical package MVSP 3.22 (Kovach, 1998) . Additionally, the model-based clustering analysis tool STRUCTURE 2.3.4 was used (Pritchard et al., 2000) to assess the most probable cluster membership for each individual, first from all of the avocado populations from Antioquia and then combining the populations from Antioquia and the accessions maintained in the germplasm bank. This program was run for 10,000,000 Markov chain Monte Carlo steps after a burn-in period of 100,000 interactions for K = 1-15 under an admixture model. Each K was calculated from 10 independent runs. The ad hoc estimated likelihood of K (delta K) (Evanno et al., 2005) was employed to estimate the most likely number of populations (K) based on the rate of change in the log probability of the data [ln Pr (X/K)]. Finally, population genetics demographic analysis was performed using BOTTLENECK 1.2 software (Piry et al., 1999) to determine if the Colombian samples suffered from a bottleneck effect, as it estimates the distribution of He from the observed number of alleles (k), given the sample size (n), assuming equilibrium between the mutation and drift for each locus. This distribution simulates the coalescent process of n genes under 3 possible mutation models: the infinite alleles model, step mutation model, and 2-phase model. Therefore, the value of He calculated from the allele number by a coalescence procedure (Heq) was lower than the obtained He estimated directly from the allele frequencies (He). For neutral markers, in a population in gene mutation drift equilibrium, there is an equal probability that a given locus has a slight excess or deficit of heterozygosity with regard to the heterozygosity calculated from the number of alleles. In contrast, in a bottlenecked population, a large fraction of the loci analyzed will exhibit a significant excess of He. To measure this probability, 3 procedures were used in this study: a) sign test, b) standardized difference test, and c) Wilcoxon's signed rank test.
Results
In this work, 2 groups of avocado accessions were analyzed with 14 SSRs; the first group consisted of 90 local criollo genotypes sampled from 11 municipalities of Antioquia (Colombia) and the second group consisted of genetic data obtained by Alcaraz and Hormaza (2007) from an avocado collection that contains 67 genotypes representative of the overall diversity of avocado from different countries (N = 7).
SSR polymorphism and genetic diversity
The P. americana genetic diversity from the 18 populations generated a total of 143 fragments with 14 SSRs. The mean number of different alleles found in the Antioquian avocados was 4.33 ± 2.0. The highest number of total alleles was found in the Málaga (Spain) accessions with 350 alleles, followed by the USA with 266 alleles. In Antioquia, the highest number of alleles was found in Sonsón with 248 alleles and the municipality with the lowest number of alleles was Santa Bárbara with 28 alleles. Differences in the allele number between these sites were explained by differences in the samples sizes, as the lower the number of alleles, the smaller the sample size. Moreover, in the germplasm bank, accessions with the lowest number of alleles were Guatemala and Chile. However, their sample sizes were very small. Similar patterns of gene diversity were found between the mean values estimated for Na and Ne that are inherited in a population, as the population with the highest value was Málaga with 7.214 for Na, while the lowest value was 2 for Santa Barbara. In the case of the Ne, in Antioquia, the municipality with the highest Ne was Rio Negro, where Ne = 4.01, and the population with the lowest Ne was Santa Barbara with Ne = 1.81. The I value for the Antioquian avocados was between 0.582 (Santa Barbara) and 1.485 (Rio Negro and Caramanta). Ho and He ranged from 0.393 (Santa Bárbara) to 0.686 (Mexico) for the observed ones and from 0.384 (Santa Bárbara) to 0.724 (Rio Negro) for He. F ST was positive for most populations, with the exception of Guatemala and Santa Bárbara, where its value was negative (Table 4) .
Hardy-Weinberg equilibrium (HWE) was found for all of the microsatellites after Bonferroni corrections were tested per population ( Table 5 ). The analysis of linkage disequilibrium showed that most microsatellites were in linkage equilibrium after Bonferroni corrections at α = 0.000357 (0.05/140) (data not shown).
Genetic relationship among accessions
The AMOVA result estimated for Antioquia was F ST = 0.05439, P < 0.0001, suggesting genetic structuring among the municipalities sampled. Moreover, the AMOVA test showed that most of the genetic variation occurred within (94.5%) rather than between (5.44%) municipalities. Additionally, the UPGMA dendrogram based on F ST paired distances between the populations from Antioquia and samples from the germplasm bank produced 2 main (Figure 1 ). The first cluster was composed of all the Antioquian samples and the second comprised the accessions maintained at the IHSM La Mayora. The Antioquian avocados were closer to the Guatemala accessions kept in the Spanish germplasm bank, suggesting a possible genetic proximity. Furthermore, the second UPGMA dendrogram based on the individual Nei-Li distances estimated from each individual sample from Antioquia produced 3 groups, where genetic associations between the cultivars were not explained by the vicinity of the municipalities where the samplings were made ( Figure  2) .
Population assignment results
When only the Antioquian avocado samples (N = 11 populations) were analyzed with STRUCTURE, 3 groups were clustered (K= 3), producing a likelihood value of ln (P|D) = -3839.8 and a likelihood improvement value of ΔK = 6.79 ( Figure 2 ; Table 6 ). Cluster 1 was composed of avocado cultivars from Valparaíso, Sonsón, San Vicente, Marinilla, and Caramanta, with percentages of assignment between 88% and 63% and lower assignment percentages in clusters 2 and 3. Cluster 2 mostly contained avocados from Abejorral, Retiro, Rio Negro, Montebello, and Santa Bárbara, with assignment percentages between 78% and 43% and lower percentages in clusters 1 and 3. La Ceja was the only municipality where the avocados were almost evenly distributed in the 3 clusters, with percentages of assignment of 42% in cluster 1, 28% in cluster 2, and 29% in cluster 3. When the Colombian genotypes were analyzed (N = 90) with the worldwide collection (N = 67), the Bayesian analysis of population structure produced 2 clusters (K = 2). The maximum likelihood value was ln (P|D) = -7705.3, producing a likelihood improvement value of ΔK = 496.15 (Figure 2) . All of the Antioquian samples were grouped together within cluster 2 and separately from the genotypes maintained in the germplasm bank that were grouped in cluster 1 (Table 6 ). These results further supported the outcome obtained by the UPGMA tree, demonstrating that criollo avocado from Colombia is genetically differentiated from the avocado accessions of the germplasm bank.
Bottleneck results
Finally, in the bottleneck simulations, the sign test, the standardized difference test, and Wilcoxon's signed rank test produced no significant P-values, with the exception of the El Retiro and Rio Negro samples (Table  7) . Tests were carried out given the genetic differentiation between criollo avocados and the germplasm materials, as shown by the UPGMA tree and STRUCTURE results. The bottleneck simulations suggested that avocado populations from Antioquia have not undergone recent population bottleneck effects through avocado artificial selection; thus, the Colombian avocado populations have not suffered a genetic reduction due to agriculturist manipulation.
Discussion
In this study, molecular characterization of 90 cultivars of criollo avocado from Antioquia (11 populations) was carried out with 14 microsatellites that were previously tested by Alcaraz and Hormaza (2007) . This work was performed to compare these samples with 67 accessions found in a germplasm collection in Spain. These accessions were from the USA, Spain, Mexico, Israel, Guatemala, the Canary Islands, and Chile. In general, the results showed that the population with the highest allele diversity was Málaga (Spain), with 350 alleles genotyped in 11 individuals, followed by the USA accessions (N = 3) with 266 alleles and Sonsón (Antioquia) (N = 7) with 248 alleles. These results demonstrated that populations with high gene diversities originated from hybrid avocado samples, as they represented crosses between avocado varieties and races. For example, the USA accessions were representatives of crosses from Guatemalan × Mexican races, whereas cultivars from Antioquia were the result of natural crosses that occurred through insect pollinations within the avocado orchards. On the other hand, the lowest allele numbers were observed in Santa Bárbara (Antioquia), Guatemala, and Chile. All of these populations had low sample sizes, suggesting an effect of genetic drift in the sampling (Freeland, 2005) . Differences in the Na and Ne estimators were also high for Málaga and low for Santa Bárbara, coinciding with the low number of alleles found for them. With respect to Ne, the highest value was found in Rio Negro, while the lowest was in Santa Bárbara. The I value was also lower in Santa Bárbara (0.582) and higher in Rio Negro and Caramanta (1.485). These results suggest higher gene diversity in Rio Negro and Caramanta than in the other municipalities of Antioquia. Ho values ranged between 0.393 (Santa Bárbara) and 0.686 (Mexico), while He ranged between 0.384 (Santa Bárbara) and 0.724 (Rio Negro). These results also show the relation between heterozygosity and allele number, since the more alleles, the more heterozygotes found in a natural population (Freeland, 2005) . Wright's (F) fixation index (ratio between Ho and He) was positive for most of the populations, with the exception of Guatemala and Santa Bárbara, where the value was negative. These results suggested that most of the avocado accessions studied here were the product of inbreeding (when the inbreeding coefficient (F IS ) was positive) and few of them were the product of exogamy (F IS was negative). Similar results were found by Alcaraz and Hormaza (2007) , who suggested that these types of outcomes are expected from genetically related genotypes. Another important result was related to the HWE, as it was found in all of the microsatellites after Bonferroni corrections, and no linkage disequilibrium between loci was obtained in this work. These results suggest that no evolutionary forces are influencing these markers and no genetic association between them exist, demonstrating that they are useful for population genetic studies (Freeland, 2005) .
AMOVA estimated F ST = 0.05439 (P < 0.0001) for the 90 avocado cultivars analyzed with 14 SSRs. This result demonstrated that P. americana is genetically structured among the 11 municipalities from Antioquia. Although this differentiation was only 5.4%, its value was significant, suggesting that avocados from this part of Colombia are genetically distinct according to sampled site. This outcome obtained in this work corroborates a previous study of 111 Antioquian criollo avocados genotyped with 38 AFLP markers by Cañas-Gutierrez et al. (2015) . In this study, the authors suggested that avocado structuring in Antioquia was due to differences in the agroecological conditions of the studied zone. These ecological conditions were apparently related to the 3 horticultural races of the species, according to elevation sampling sites that were from 1400 to 1800, 1900 to 2000, and 2000 to 2400 m a.s.l. The relevance of using microsatellites with the same avocados employed by Cañas-Gutierrez et al. (2015) was that, in this work, heterozygous genotypes were discovered (Ho). AFLP markers are not very useful when studying crosses between individuals, as knowledge of the genotype of the parental and F1 generations is partial because they represent dominant markers, whereas microsatellites are codominant. Additionally, results obtained with the UPGMA dendrogram with the F ST paired distances between the municipalities and accessions were separated into 2 main clusters. One was composed of avocados maintained in the germplasm from La Mayora (Spain) and the other comprised cultivars from Antioquia. These avocados were also separated and analyzed in another UPGMA dendrogram and by Nei-Li distances. This dendrogram divided the 90 cultivars into 3 main groups that coincided with the number of K = 3 clusters estimated with STRUCTURE. These cultivars did not group together according to geographical proximity, suggesting no isolation by distance (Freeland, 2005) . Moreover, these Antioquian cultivars were closely related to the Guatemalan accessions found in the germplasm bank. When the 90 avocado cultivars from Antioquia were analyzed with the 67 accessions from La Mayora with STRUCTURE, K = 2. These results further suggested that Antioquian avocados were genetically different from the accessions of the germplasm bank. This could be due to avocados from Colombia having been naturally crossed between trees by insect pollinators (Yin et al., 2009 ), whereas avocados from La Mayora were the result of crosses between races and varieties of this species for its genetic improvement. The Bottleneck program showed that none of the tests (sign test, standardized difference test, and Wilcoxon's signed rank analysis) were significant for most of the Antioquian municipalities, with the exception of cultivars from El Retiro and Rio Negro. These tests showed that, in general, the number of alleles and Ho values from Antioquia did not suffer from the bottleneck effect. Differences in the allele composition and low gene diversity found in the Antioquian avocados versus the germplasm avocados might have been due to avocados being introduced into Colombia in pre-Columbian times from a limited number of genotypes. This, combined with the multiple crosses and germplasm exchanges of avocado trees within Antioquia, particularly between neighbor growers, would explain the development of a genetically homogeneous population. On the other hand, avocados from the germplasm bank were from different countries and varieties producing more alleles and heterozygous genotypes per microsatellite.
In conclusion, the results obtained here represent the first Colombian characterization of criollo avocados based on microsatellites markers. These outcomes showed that, in general, Antioquia criollo cultivars probably clustered together due to the exchange of plant material among neighboring farms, where insect pollination influenced the chances of interbreeding between close avocado trees. This work also revealed population structuring within Antioquia, supporting previous AFLP analyses (Cañas-Gutierrez et al., 2015) . Cañas-Gutierrez et al. (2015) suggested that agroclimatic conditions (Holdridge zones) played a role in the genetic differentiation of the avocado material evaluated and stressed the need to molecularly and morphologically characterize this local avocado material that existed before the intensification of the cultivation of Hass in this region of Colombia. Colombia represents the fifth largest avocado producer in the world through grafting of Hass with avocado criollo trees for fruit commercialization, while the European Union and the USA are the largest importers of this fruit (Chanderbali et al., 2008; Cañas-Gutierrez et al., 2015) . However, the selection of avocado varieties has been a difficult task because avocado vegetative propagation has not been licensed yet, as seeds used to produce rootstocks are of unknown genetic origin (Rodríguez et al., 2009 ). To extend this type of study it would be desirable to analyze additional local avocados from other areas of Colombia and other South American countries to determine their genetic similarities and associate gene diversity with the agroecological conditions of this crop.
